AOA are more sensitive to periods of drought than AOB. This has been explained by greater 27 sensitivity of AOA to ammonia concentration, which will increase in soil solution during 28 drought, but an alternative, previously unexplored explanation, is greater sensitivity of AOA to 29 matric and/or osmotic stress. A soil microcosm experiment was designed to distinguish these 30 different explanations in which AOA and AOB abundances (amoA abundance) and nitrification 31 rate were measured over 28 days in nine treatments corresponding to all combinations of three 32 soil matric potentials and three initial ammonia concentrations. Comparison of amoA 33 abundance dynamics suggested that AOA were more susceptible to reduced matric potential 34 than AOB, irrespective of soil ammonia concentration. The greater sensitivity of soil AOA to 35
Introduction 43
The frequency of drought events, including those in previously temperate regions, is 44 predicted to increase dramatically during the next few decades (Kovats et al., 2014) . Reduction 45 in soil water content during drought decreases the mobility and availability of soluble and 46 diffusible substrates and products, increases diffusion of gaseous compounds, including 47 oxygen, and increases water stress. Water stress can arise from both matric stress of cells, for 48 example through increased surface tension caused by desiccation, and osmotic stress of cells 49 in the soil solution, through reduced water activity (Potts, 1994) . Sensitivity to disturbances, 50 including water stress, differs between microbial groups with different physiological 51 characteristics and these differences, coupled with changes in the distribution of essential 52 substrates, influence the abundance and activity of soil microbial functional groups (Schimel 53 et al., 2007) . Understanding the differential response of microbial groups to drought, especially 54 functional groups involved in crucial biogeochemical cycles, is critical for prediction and 55 mitigation of the impacts of climate change. 56
Both ammonia oxidising archaea (AOA) and bacteria (AOB) perform the first step in 57 soil nitrification, the oxidation of ammonia (NH3), via nitrite (NO2 -), to nitrate (NO3 -) (Prosser, 58 (encoding ammonia monooxygenase, catalysing NH3 oxidation), but not those of AOA, when 85 soil moisture content decreased from 87 to 50% water holding capacity (WHC). Differential 86 effects of drought on AOA and AOB may also reflect differences in physiological response to 87 water stress. With the exception of extreme halophiles, both archaea and bacteria respond to 88 water g -1 dry soil), corresponding to a matric potential of -0.019 MPa (equivalent to field 121 conditions). Microcosms were pre-treated in two consecutive 9-day incubation cycles to 122 oxidise all ammonia released through mineralisation after wetting the soil. In each cycle, 123 microcosms were incubated in the dark at 30 °C and 30% moisture content for 5 days, 124 maintaining aerobic conditions by removing plastic screw caps for 5 -10 min every third day 125 and replacing water lost through evaporation by addition of sterile distilled water. Screw caps 126
were then replaced with sterile cotton wool plugs and microcosms were incubated for a further 127 4-day period, during which moisture content decreased to ~12%. 128
After pre-treatment, nine treatments were applied in a full factorial design consisting of 129 all combinations of three NH4 + -N concentrations and three matric potentials. Moisture content 130 was adjusted to 16.5, 20 or 30% with sterile distilled water to achieve low (-0. 
NH4
+ -N were also tested, as they were physiologically meaningful. For the pure culture 201 experiment, the effects of the osmo-inducer nature (sorbitol vs. NaCl) and osmotic potential on 202 each strain growth rate was assessed by two-way ANOVA after log10 transformation of growth 203 rate data. Tukey HSD multiple post-hoc tests were used to identify differences among the 204 treatment means detected by ANOVAs. All models and results (including effect size) are 205 shown in Supplementary Information. 206
3.
Results 207
Influence of matric potential and NH4
+ amendment on AOA and AOB abundance and 208
nitrification activity 209
Pre-treatment of soil microcosms successfully reduced soil inorganic NH4 + , enabling 210 measurement of nitrification, and led to a small decrease in pH to 6.1 ± 0.11 immediately prior 211 to application of NH4 + and matric potential treatments (Fig. S1 ). Ammonia oxidiser activity 212 during incubation was assessed through changes in NH4 + and NO3 -concentrations. In some 213 cases, NO3
-concentration increased linearly, enabling calculation of ammonia oxidation rate, 214 but this was not possible for all treatments and ammonia oxidation activities were therefore 215 compared by ANOVA of NH4 + and NO3 -concentrations during incubation for 28 days. 216
Overall, initial NH4 + , matric potential and their interaction significantly influenced 217 nitrification ( Fig. 1 ). Ammonia oxidising activity was greatest at high matric potential (-0.019 218 MPa) (i.e. low water stress), where oxidation of high initial NH4 + (60 µg NH4 + -N g -1 ) was 219 almost complete by day 28 (Fig. 1A) , and NH4 + concentration was negligible (£1 µM) by day 220 7 for both low (0.6 µg NH4 + -N g -1 ) and medium (6 µg NH4 + -N g -1 ) initial NH4 + concentrations 221 
NH4
+ concentration (p=0.009). While AOA increased in abundance significantly at high matric 244 potential, there was no significant AOA growth, and even a significant decrease in AOA amoA 245 abundance, at medium and low matric potentials ( Fig. 2A -C, p<10 -7 ). Overall, both high 246 matric potential (p=0.001) (low water stress) and high NH4 + concentration (p=0.014) increased 247 AOB abundance after incubation for 28 days ( Fig. 2D -F) . AOB did not grow at medium and 248 low matric potentials but abundance increased significantly following incubation at high matric 249 potential with high initial NH4 + concentration (p=0.039). 250
At the end of the 28-day incubation period, the AOA:AOB amoA ratio was significantly 251 lower (p=0.007) at low (4.30±0.27) and medium (4.46±0.38) matric potentials, where water 252 stress was greatest, than at high matric potential (7.5±1.2). This ratio was also significantly 253 lower at high NH4 + (3.80±0.19) than at medium (6.60±1.21) and low (5.91±1.93) NH4 + 254 concentrations (p=0.008). 255
Influence of osmotic potential on growth of AOA and AOB in liquid batch culture 256
The influence of osmotic potential on AO growth was investigated by measuring the 257 effect of two osmo-inducers, NaCl and sorbitol, on growth of two AOA and two AOB (Fig. 3) . 258
Because of differences in culture medium composition between strains, similar concentrations 259 of NaCl or sorbitol led to different osmotic potentials and a greater osmotic potential range for 260 AOA than AOB (Table S1 ). All strains were more sensitive to the effects of NaCl than sorbitol, 261 at equivalent osmotic potentials, presumably due to direct toxicity of NaCl as shown by 262 ANOVAs (p < 10 -12 ; Fig 3, Supplementary Iinformation) . Maximum specific growth rates of 263 both AOA and AOB decreased with increasing NaCl concentration and AOA ( Fig. 3C and D ) 264 were more sensitive than AOB (Fig. 3A and B) . AOA growth was inhibited following even a 265 slight decrease in osmotic potential ( Fig. 3C and D, p < 10 -4 ). Within AOA, Ca. N. franklandus 266 was less sensitive than Ca. N. sinensis, whose growth was completely inhibited by 0.1 M NaCl. 267
Inhibition of growth by sorbitol was greater for both AOA than for N. europaea, with complete 268 inhibition of Ca. N. sinensis at -67 MPa (Fig. 3B) and a 3-fold reduction in maximum specific 269 growth rate of Ca. N. franklandus at -98 MPa (Fig. 3B) . N. europaea was inhibited by sorbitol 270 (Fig. 3A) but maximum specific growth rate of the AOB N. multiformis increased with 271 increasing sorbitol concentration (Fig. 3B) . This study aimed to challenge the hypothesis that changes in AOA and AOB relative 289 activities were due to drought-induced changes in NH4 + availability, testing the alternative 290 hypothesis that differential activity changes resulted from differences in sensitivity to water 291 stress. This was achieved using two complementary approaches, in soil microcosms and in pure 292 AO cultures. The effects of water stress and NH4 + concentration on soil AO were distinguished 293 through manipulation of matric potential of soil microcosms amended with different 294 concentrations of NH4 + . At high matric potential, AOB growth occurred in proportion to initial 295 ammonium concentration; AOA also grew, but growth was greatest at the intermediate NH4 The reduction in ammonia oxidiser activity with increased water stress therefore 306 resulted in differential effects on AOA and AOB abundances that were independent of NH4 + 307 concentration, suggesting that matric potential, and not NH4 + concentration, may be the more 308 important factor influencing AO activities and greater sensitivity of AOA to drought. Water 309 stress can result from matric and osmotic stresses and greater sensitivity of AOA to the latter 310 was further supported by determining growth rates of pure cultures of AOA and AOB in the 311 presence of the osmo-inducers NaCl and sorbitol. N. multiformis is typical of soil AOB. N. 312 europaea, originally isolated from soil, is considered to be less important in terrestrial 313 environments but has been the subject of most physiological studies of AOB, including studies 314 of osmotic stress. The two AOA were also isolated from soil, Ca. N. franklandus from neutral 315 soil and Ca. N. sinensis Nd2 from acid soil. All strains were inhibited by increasing osmotic 316 stress using NaCl, which possibly resulted in part from cytotoxicity of NaCl itself, rather than 317 Table S1 . Osmotic potential of culture media adjusted with NaCl and sorbitol. Osmotic 5 potential (ψ) of the culture media was calculated taking into account differences in medium 6 composition, using equation ψ = -M i R T (Lewis, 1908) , where M is the molar concentration 7
(mol l -1 ) of the solute, i is the van't Hoff factor of the medium, R is the ideal gas constant 8 and T is the absolute temperature ( o K) (Lewis, 1908 
